NTRODUCTION
As transportation throughout Canada is rationalized, the optimal allocation of Saskatchewan's road infrastructure expenditures is critical. This need is further required as highway maintenance budgets continue to shrink, traffic demands increase, and the road infrastructure ages. In the past, the Saskatchewan Department of Highways and Transportation (SHT) have focused primarily on optimizing highway agency costs when allocating expenditures on the provincial road infrastructure. However, research indicates that the decision framework governing public road expenditures must consider total life cycle agency plus user costs (Winfrey 1969 , Watanatada 1987 , Sparks 1991 .
ROAD USER COSTS
As illustrated in Figure 1 , total road user costs are comprised of vehicle operating costs, time delay costs, safety and accident costs, comfort and convenience costs, and environmental impact costs. 
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Figure 1. Road User Costs
Vehicle operating costs are the costs associated with owning, operating and maintaining a vehicle including:
fuel consumption, tire wear, maintenance and repair, oil consumption, capital depreciation, license and insurance, and operator labor and wages. Time delay costs result from interrupted free flow primarily due to intersections, construction zones, detours, and reduced speeds due to rough roads. Comfort and convenience costs refer to the costs assigned to loss of comfort and/or convenience primarily due to poor road conditions and noise. Safety and accident costs are measured in terms of property damage, personal injuries and fatalities. Environmental impact costs are the costs associated with noise, air, and ground pollution.
THE NEED FOR A MECHANISTIC-PROBABILISTIC VEHICLE OPERATING COST MODEL
The Saskatchewan Department of Highways and Transportation (SHT) have identified several applications for a mechanistic vehicle operating cost model. SHT often enter into specialized haul agreements for the transportation of bulk commodities on specific routes, allowing higher maximum vehicle weights for the hauling of timber, oil, grain, potash, and other bulk commodities for a fee payable by the shipper to SHT. In order to set appropriate fees for a specialized haul agreement, SHT must have the ability to quantify the changes in vehicle operating costs incurred by the shipper for different terms and conditions of the agreements. This allows the agency to estimate the benefit to the shipper and receive an appropriate toll to facilitate the sharing of the economic gains realized from the agreement. Another application for a mechanistic vehicle operating cost model is for determining the cost effectiveness of alternative road maintenance strategies such as rehabilitating pavements to improve riding comfort and reverting paved roads to gravel.
In such applications, vehicle operating costs are a component of user costs in the cost benefit calculation to determine whether the project should be funded.
Vehicle operating cost models may be formulated empirically or mechanistically, deterministically or probabilistically (Bien, 1993) . In the past, vehicle operating costs have been formulated based on deterministic-empirical relationships derived using classical regression analysis of historic information. The primary drawback to empirical models is that they are data intensive to formulate and usually require significant data collection for continued model calibration. Empirical based models also suffer from inference space limitations and are not efficient for analyzing scenarios where the boundary conditions change over time.
Vehicle operating costs are a direct function of the mechanical relationships of vehicle characteristics, road geometrics, road surface type, road surface condition, environmental factors, and vehicle speed. Because many of these relationships have already been established and mathematically derived, a mechanistic vehicle operating cost model can be formulated based on mechanics. A mechanistic based vehicle operating cost model can be applied to varied conditions and only requires a limited amount of data for model calibration.
Deterministic models compute only a "point estimate" of a variable based on the expected value of the inputs with no regard to the uncertainty of the calculated estimate. Probabilistic models employ a prior probability distribution that corresponds to each input variable and determines a posterior distribution of the output variable. By employing a probabilistic modeling framework, the inherent uncertainty associated with the phenomenon being modeled can be explicitly considered in the analysis.
The Saskatchewan Department of Highways and Transportation determined that a mechanistic-probabilistic vehicle operating cost model was the best alternative to meet the specific requirements of SHT. As a result, this research developed a mechanistic-probabilistic vehicle operating cost model (PVOC) based on the mechanistic vehicle operating cost formulations by Berthelot (Berthelot 1992) . PVOC was formulated in Microsoft EXCEL TM to benefit from the user friendly input and output utilities within EXCEL TM and to enable the model to be implemented without the need for specialized software. The probabilistic encoding of PVOC is based on discrete probabilistic simulation with a sampling algorithm to support the large number of iterations required to simulate the uncertainty associated with the 28 input parameters to the model. The probability ranges encoded for each variable are fully user definable.
VEHICLE OPERATING COST FORMULATIONS
Vehicle operating costs are a function of the following seven cost categories: 1) vehicle operating costs, 2) tire operating costs, 3) maintenance and repair costs, 4) oil consumption costs, 5) capital depreciation costs, 6) license and insurance costs, and 7) operator wages and labor costs. These costs can be determined from mechanistic first principles as follows.
1) Fuel Consumption Costs
The mechanics governing vehicle fuel consumption have been well documented and successfully implemented in other applications (Hertz 1982) . Fuel consumption can be expressed primarily as a function of resistive forces acting on the vehicle, mechanical efficiency, and energy content of the fuel consumed.
Total resistive forces acting on a vehicle is the sum of rolling resistance and aerodynamic drag (Hertz, 1982) and may be expressed mathematically as: primarily on wheel-bearing friction, friction between the tires and the road surface, and stiffness of the road and tires.
Road roughness factors used in PVOC are correlated to AASHTO's Present Serviceability Index (PSI). Road stiffness was divided into three categories; stiff, moderate, and soft. Road stiffness values may be derived from deflection measurements taken in the field for different road structures and climate conditions.
The aerodynamic drag of a vehicle is a function of vehicle shape, vehicle frontal area, air density and relative velocity between the vehicle and surrounding air (Hertz 1982 (5) where fuel = fuel consumption rate (l/km), l total = total mechanical efficiency, Ec f = fuel energy content (kJ/l), and R total = total vehicle resistive force (N).
The total mechanical efficiency coefficient is comprised of three components: engine efficiency, transmission efficiency, and differential efficiency. The total mechanical efficiency of the vehicle may be expressed as: where l total = total mechanical efficiency coefficient, k engine = coefficient of engine efficiency, k trans = coefficient of transmission efficiency, and k diff = coefficient of differential efficiency (Hertz 1982) .
2) Tire Costs
Tire costs are a function of tire type, tire quality, road conditions, and tire maintenance practices. The effect of road surface on tire costs is primarily a function of road surface texture and roughness (Cenek, 1988 (7) where TC = total tire cost ($/km), C t = cost per tire ($/tire), N t = number of tires, k tr = road roughness coefficient, k tt = road texture coefficient and L t = life of tire (km).
3) Maintenance and Repair Costs
Previous research indicates that vehicle maintenance costs may be up to 30% higher for vehicles operating on rough roads (Watanatada, 1987; Transport Canada, 1992 (8) where MC = maintenance cost ($/km), M cf = average maintenance cost ($/km) and k mr = road roughness coefficient. (9) where OC = oil cost ($/km), OCC = oil change cost ($/service) and D 0 = oil change frequency (km/service).
4) Oil Consumption Costs
5) Capital Depreciation Costs
The capital recovery (CR) of the cost of a vehicle is defined as the equivalent annual capital cost of the vehicle. Capital recovery is a function of initial vehicle capital cost, vehicle service life, vehicle salvage value, and discount rate. Capital recovery can be determined mathematically as follows: and Lv = service life of vehicle (years).
6) License and Insurance Costs
Vehicle license and insurance costs in terms of $/year are readily available from regional motor vehicle authorities.
7) Operator Wages and Labor
Vehicle operator wages and labor costs are an important component of vehicle operating costs. However, because operator wages and labor costs are primarily dependent on regional socio-economic factors and time delay costs, operator wages and labor costs were not included in this research. The model could however be amended to include costs associated with operator wages.
PVOC DETERMINISTIC SENSITIVITY ANALYSIS
One of the paramount advantages to a mechanistic modeling framework is the model may be formulated to perform a sensitivity analysis to identify which variables are most influential and sensitive to changes within the model.
For illustrative purposes, a deterministic sensitivity analysis adjusting one variable at a time was performed in PVOC for a 5 axle semi trailer unit operating on a thin membrane surfaced road. The sensitivity analysis involves screening the entire set of model inputs to determine the effect of the uncertainty in each of the model variables. Those variables that have a significant impact on vehicle operating costs are said to be dominant variables. The analyst should focus on developing accurate probability distributions for these dominant variables when proceeding with the probabilistic simulation. Table 1 summarizes the ranges of values used for each vehicle operating cost variable in the example analysis.
Because PVOC is fully user defined, values used in the example were retrieved from published literature or were based on interviews with Saskatchewan carrier fleets and heavy vehicle operators.
Given the variable input values listed in Table 1 , the PVOC model was used to perform a deterministic sensitivity analysis. Figure 2 illustrates a schematic of the sensitivity analysis output of the PVOC model for each individual variable. The results of the analysis indicate that uncertainty in the estimates of annual kilometers traveled, vehicle operating speed, and vehicle capital cost have the greatest effect on the output of the PVOC model. These variables should receive considerable attention, therefore developing a realistic, detailed probability distribution from each parameter. The analysis also indicates that the uncertainty associated with 10 of the 28 model inputs has little effect on the computed vehicle operating costs. As such, these parameters may be modeled with less probabilistic detail. Note that the results of the sensitivity analysis is not used to drop variables from the model, rather it is used to focus the development of the probabilistic inputs. Transportation is considering removing a ferry crossing from service. As a result, the probable increase in vehicle operating costs that will result from the traffic being forced to take a longer route to cross the river must be estimated.
V ehicle O perating C ost Variables
Three classes of vehicles were considered in this analysis: 1) cars and light trucks, 2) two and three axle farm trucks, and
3) five axle semi-trailers. Two road surfaces in good condition were considered in the analysis: 1) thin membrane surfaces (TMS) and 2) gravel. confidence interval for the estimated vehicle operating costs. 
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Figure 4. Vehicle Operating Cost Example Probability Density Functions
Because the model is based on discrete stochastic simulation, there are no restrictions in terms of the form of the input distributions (normal versus non-normal) or the output distributions as illustrated in Figure 4 . From these output distributions, it is possible to determine both the expected value and the uncertainty associated with each estimate of vehicle operating costs. Quantification of the uncertainty in the estimates allows for a more robust analysis of the difference in cost or the statistical significance of the estimate compared to a given criteria (i.e. costs above a defined threshold value).
SUMMARY AND CONCLUSIONS
Saskatchewan Highways and Transportation have identified the need for a vehicle operating cost model with the explicit capability to estimate vehicle operating costs for specific vehicle types operating on different roads in varied conditions. Saskatchewan Highways and Transportation investigated existing vehicle operating cost models, however, none of the existing models could be readily applied to meet their specific needs. The primary drawbacks of existing empirical based vehicle operating cost models were found to be: 1) significant amounts of data was required to calibrate and maintain the model, 2) "inference space" problems and the lack of model flexibility severely limited existing model's applicability to Saskatchewan conditions and 3) existing vehicle operating cost models could not explicitly quantify the uncertainty associated with vehicle operating costs.
As a result, Saskatchewan Highways and Transportation pursued the development of a user definable mechanistic-probabilistic vehicle operating cost model that could be readily implemented within the department. The resulting PVOC model offers the following advantages: 1) fully user definable, 2) able to incorporate Bayesian formulations or "expert judgment", 3) mechanistic based formulations require minimal data collection, 4) PVOC provides a full audit trail, (i.e. no "black box" calculations), and 5) PVOC explicitly quantifies the uncertainty associated with vehicle operating costs. In summary, because PVOC is based on engineering first principles and allows expert judgment as input to the model, PVOC is a user friendly vehicle operating cost model that can be readily implemented to quantify vehicle operating costs and their associated uncertainty for almost any highway transportation scenario.
